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ABSTRACT
Received: August 9, 2021 Many sources of uncertainty exist in geotechnical analysis ranging from the material parameters
Revised: September 13, 2021 to the sampling and testing techniques. The conventional deterministic stability analysis of a

plane failure in rock slope produce a safety factor but not a probability of failure or reliability
index. In the conventional slope stability analysis by evaluating the ground uncertainty as an
overall safety factor, it is difficult to evaluate the stability of the realistic rock slope in detail.
This paper reviews some established probabilistic analysis techniques, such as the MCS,
FOSM, PEM, Taylor Series as applied to plane failure of rock slopes in detail. While the Monte -
Carlo methods leads to the most accurate calculation of the probability of safety, this method
is too time consuming. Therefore, the simplified probability methods could be alternatives to
the MCS. In this study, using these simple probability methods, the failure probability estimation
of a plane failure in rock slope is presented.
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A ARAPA L] 9P-&-2 Z|Rte] 7} A4 Htgtoll s Tl #ha T Lo = THrsto] Ao QF-a-S shtel 4t
© 2 Wrlsh= A E A Wl (deterministic analysis) 02 TSI €], 2008). SFARE Z]Hke] A A4 9] @ A5HRY
of| mEfA] H-5o] Q=B gho 2 ¥iEdS dlefoh= 2FE5 4 (probabilistic analysis)©| Z. Q3 H4=o|t]. o]2fet SFEE4
A2 7t e gt EEHA(ET, BEAL SRS defste] HrR 4 QL APHSEAEo] thet whaEE(failure
probability) ¥ A1=2]Z]<x(reliability index)S 712 4= QJo] ee]A el AA} 7Fs5HH -3 2] 2003, Park and Baek,
2007). A2 ¢Fg dof| thet SHEoiAl2 AdekEo Aol sid = MCS(Monte Carlo Simulation), 7to] £-& sfiAlo]| slid ==
FOSM(First Order Second Moment), PEM(Point Estimate Method), E| €2 8==%#(Taylor series method) 5°| AFS=]11 ATk
(Duncan, 2000, Griffiths et al., 2002)

T2 olefgk SHEEA oA 710 WiHol| Hsto] o] 24 TN dxt-8o1 7t osehr] odar, w AR Hlole] 9 B B2 ANt
o] Q== TAIZ AR o] 28| 2] Bolal Q= Ao oh iRl 2], 2002, 4= 2], 2002, Schweiger et al., 2001). 2=
wollAl= Z[HEe] EEAA)S ARk AP O ] of| TRt AFASHE Aof| Histod, Hoh 7S] A8 4= Q= 710 ARk
7o) 2FEEA iAol thste] ], EASHIh

2.1 BB S 2

old AAHS7 FEUE fiy(x) 2 717 55 (random variable) X 2 7F45PH, SFEE4] sl|4-S 517] 9I5to] Bdtgh,), &
FHAN 0,), WHE(vy) S9) EEHS B4 glo] Basich B2 1ARRIES} T th3at o] TARTKGriffiths et al.,
2002).
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Ak 0 g 2| A4=0] SFER L= 712 3 (log normal distribution) 2 7Fg$HH Duncan, 2000). ©1H X937
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oj2fet g s SHEH ghol B el flo] Hlofof A ol=7] wizel 22149l Wi glo] Yoz A ojule EEA

Gk, OS] Bt 2, EEWA ¢ = Tkt o] ALY SHERS X
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o714 COV, = W5AI5(coefficient of variance)©|tt.

2 3 opafEtE, A=A

APHO] QPE(F)-2 mh| Hol| EA == 52 (D)oll thet A= (R) 2] HI= 2%k 587421 D, R| 20| & thaatt o]
QA o] 3 Safety Margin) 2 FA|SHY.

M=R-D (7

SR M <0 9 U AT M > 0 9 e A 9 S0 2 4 glck neb sskES ofeloh o] E@T,

rlo

py=PM<0)=0(-p5)=1-2(3) ®)
SHENE fél[\l/\l/[]] = AFRSE, 0= A AR cumulative normal distribution function)©]t}.

MR EEEARR AferfR] QPdolfrolt). dRba o g A Ropoll e 20] whSHE-2 1/1000= S3E 5to] A
ARk, g AFAC] QPge] TS ZHRITKL sk, thet 2ol Qkgol that MRS ulE ARre 4 it
(Kamien, 1997).
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Fig. 1. The probabilistic design model

2.4 FOSM
FOSM(First Order Second Moment)®H-2 Q2 H4=0] M54 LS AP O 2 Tdol= SFEE4 sliro|tt. FOSM-2
371 grol] thet AR O] 121 Rtskal L 2] 3 FATSH= ol

F 5 X, YE 7R = (X, Y) ol thet Haak 4ol thigh el =] 1324 0 &2 ok of2at Zok(Griffiths et al.,
2002).

VY= P o)+ (X ) Lt (v ) 2L

)L (10)
el et 34t
_ _\of _ o haf
V6V = VI ) 2 (v )2 1)
_(of ) of \? of of
VI (X, Y)]_(%) V[X]Jr(@) Vvl 22 o y) (12)

AZ|A con(X, Y) = E[(X-1) (Y-p,) - 24K covariance)©|T.
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Fig. 2. PEM sampling points

2.6 HiZeigr ALY

Hdelg=r AP vt 22 o g —?L’E}E](Duncan 2000).

1. Y0 i gks i3 FLe = 71goto] Aot k= or0] Bt gl = itk

2. ZY S EHSO| BFHALE 70k, BIEA40S p + 0 0= HISIA7| 0 U] W= 117gsto] E-0] HEJ(AF) = Ik
3. 9]o] AXFAlO A= 2n+ 1 Alto] W astc} o714 n Tefels shgdo] 4t Bt ghuw) S Fokr] gt Akt 19Tt

HEA 71]*&" f13t2nH o] Ato] D asieh
4. | 7ol eSS 7ot Tl 22 i 0 2 BEmHAtet B AE FRIth
\/( AF, )2 ( AF, )2 ( AF, )2
op= 2 + 5 + 5 (20)
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COVy= . (21)
o714 o = AFASEAES] BFHAE, COVee AFASHEE W s Aol

2.7 2EFIEZ DAPH(Monte Carlo Simulaiton)

EHPEE SARHMSC)S 2Bl tiste] Z12k] 45 SEERE TP U4 B WAA, Fotia) she g5 g v
502 AU Ssto] 2SS 4RO £ T M o 2] ol 2 Bellql Ao 2
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Fig. 4. Plane failure with tension crack (model 2)
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Table 1. Input parameters on plane failure without tension (model 1)

Geometry of slope
Height Face angle Failure plane angle Water level
H (m) 7 (%) 7 () H,, (m)
30 50 30 30
Material parameters
Cohesion (kPa) Friction angle (°) Unit weight (kg/m’) COVeang.r
100 35 2600 0.1
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Table 2. Taylor series reliability analysis for plane failure without tension crack (model 1)

o e
C?ﬁlis;)on 0o P 13751 0.2297 0.0653
coutiictent T nG3) Fo 1810 0.1219 0.0347
g ope o o

Table 3. The result of COV on the plane failure without tension crack (model 1)

Conditions Coefticient of variance for factor of safety (COVr)
Cohesion, friction angle 0.0740
Unit weight, cohesion, friction angle 0.0803

S, AEetESA o]l s =h=MCS iAoz WSl Nof| mhe IS A6 | flsto] BER3814~2-100~1000000. 25

RfL 8= i
W7gelo] Abrieka gl Bagke T QIie SR, bl TelEehel S REE dhTRER 71
S, REESIE=NZE] 1000000Vd0H 72 Zpol7t Gli= BIHE H o3It Table 4 X, o AtollAi=NgES 1000002
2 A)3a1ck

Table 4. Average safety factor for plane failure without tension crack (model 1) using monte carlo simulation

N 100 1000 10000 100000 1000000
Average 1.7477 1.7485 1.7597 1.7585 1.7584
Absolute error (%) 0.5972 0.5532 0.0848 0.0178 0.0091

422¥1 3%

SEREEE sﬁ%oﬂm}% Qleigo] Bat Aol isto] Al Qo] WEALE Atsl] Slsted, Al Ak, ot
oAt SRS 75610] e MEAGE 0.1-0. 5SSOI R 1A Alieka g MEAS 2Ae1%,

Table 5. COV of Safety factor using probabilistic methods (considering cohesion, coefficient of friction)

COV.any MCS FOSM PEM Taylor Series
0.1 0.073923 0.073959 0.073959 0.073959
0.2 0.147934 0.147918 0.147918 0.147918
0.3 0.221892 0.221876 0.221876 0.221876
0.4 0.295507 0.295835 0.295835 0.295835
0.5 0.370213 0.369794 0.369794 0.369794

Table 5] SAEVLE HH, Q=i A k= APAP-&of tigh s/do] oha A7 57 }54 o™, MCSe} o] Ea)4
H(FOSM, PEM, Taylor series)=2] sl-21h a8} eh&ri4= 7He] Ay

re
)
oM,
£
rr
offt
ns,
_°,_4
_u
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5 vl A2, ok, TeiEer Al ) R ske e Tesle] Elide] WEAK7H0.1~0.5712)9] o] T A}
wIQIAg 0] nlAl WEAKE ARSI

Table 6. COV of Safety factor using probabilistic methods (considering cohesion, coefficient of friction, unit weight)

COVegang.r MCS FOSM PEM Taylor Series
0.1 0.080823 0.073959 0.081208 0.080323
0.2 0.165289 0.147918 0.167762 0.161419
0.3 0.257837 0.221876 0.262159 0.244310
0.4 0.361975 0.295835 0.363291 0.330664
0.5 0.488337 0.369794 0.467609 0.423693

Table 62| si4 215 AW EH, SFEHa A IS el 397 e Jate, nbdAleqt arefet 7 ¢ Hot AFHeiE ¥
%

Fol i 374] BFrl=gl o™, MCSE} 7o) SHESAH(FOSM, PEM, Taylor series) 52 sl Aay(FA-ga1t k54 7H] H)A
FIA A= tha 2ol EAYsAL ERL Jto] SESlAY 5 PEM o] AUeh SRESARQI MCS s datet Bt (AL
el 754% UrEHHE’r.

PEMHH 0 2 AWKt Badof thsh APH QEAS-E LS AFE T2 715 AL0} i R 2 7P AL o2 ¢lelsh
5o thgh A12|2]4=0} o}y|ehE-2 Table 72t ZTt.

Table 7. Reliability index and failure probability for plane failure considering cohesion, coefficient of friction, unit weight

COVens. Reliability index () Failure probability (pr)
o normal log normal normal log normal
0.1 5.40E+00 7.08E+00 3.27E-08 6.96E-13
0.2 2.745667 3.622189 0.003019 0.000146
0.3 1.885082 2.514836 0.029709 0.005954
04 1.475623 2.005332 0.070022 0.022464
0.5 1.245907 1.742398 0.106399 0.040719
8.0
70 =&—normal
6.0

=—8—log normal

Reliability index
N
o

0 0.1 0.2 03 0.4 0.5 0.6

COVv
Fig. 5. Reliability index vs. COV
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Table 79] 7} EA{5t] 1, QJeigh i-40) 27]o] nfebd A7t Hlelslel st shishge Skt gJeier
BEA7H0.21 0 2 79 BHEA QPA(F>1.5)S TSR THISHE-S 0001 B AN SEEA Qe wEs 2ot

© A HAFI: T g2 2 7R B R 7R e H T ARA) 0] 77 oA I B T

2922 OO Qo] BHIS Teleh SRR AHI] oS ANtel] Slslel QR d 4912 1om w45t
1, H2E, A, DTS SRS 7sle] A WE(0.1-0.5)°) B AP o] BEAE AN,

Th2 0 2 Qg WEAGRTT AN QP g o] WEAGr} A7) Brlsle Anie Bt £i YeEs
A o.1~o.2%%>ﬂﬁ% Taylor series®'H0], 0.3~0.57of|4= PEMER o] MCS @] A}t -GAlSH AkE L}E}LHE](Table 9 %),

Table 8. Input parameters on plane failure (model 2)

Geometry of slope
Height Face angle Failure plane angle Tension crack Water level
H (m) (@) 7,0 z(m) Hw (m)
30 50 30 10 10
Material parameters
Cohesion (KPa) Friction angle (°) Unit weight (kg/m3) COVeang. v
100 35 2600 0.1~0.5

Table 9. COV of Safety factor using probabilistic methods (considering cohesion, coefficient of friction, unit weight)

MCS FOSM PEM Taylor Series
0.1 0.074908 0.070947 0.083526 0.074546
0.2 0.151401 0.141895 0.146541 0.149468
0.3 0.231429 0.212842 0.227613 0.225246
0.4 0.317639 0.283790 0.321386 0.302620
0.5 0.409031 0.354737 0.422144 0.382912
8 )

Frequency

Frequency

50000

50000

, 4” L ) S

T T T 1 1.0 15 20 25 30 35
12 14 18 18 20 22 24

Salety factor

(a) COVc,tan¢,y =0.1 (b) COVc,tan¢,7 =0.2
Fig. 6. Distribution of safety factor using MCS

Safety factor
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!
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(e) COVc,tan([,,«/ =0.5
Fig. 6. Distribution of safety factor using MCS (continued)
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Table 10. Reliability index and failure probability for plane failure considering cohesion, coefficient of friction, unit weight

Reliability index () Failure probability (pr)
normal log normal normal log normal
0.1 4.35E+00 5.37E+00 6.90E-06 3.96E-08
0.2 2.651427 3.301839 0.004008 0.000480
0.3 1.878803 2.370385 0.030136 0.008885
04 1.481920 1.906178 0.069181 0.028314
0.5 1.255632 1.662258 0.104625 0.048231
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